Abstract: A series of unsaturated soil triaxial tests were performed on four soils including sand, silt, and a low plasticity clay. Attempts were made to correlate unsaturated soil properties from these tests and data from the literature with soil-water characteristics curve ͑SWCC͒, soil gradation, and saturated soil properties. The feasibility of estimating unsaturated soil property functions from saturated soil properties, SWCCs and gradation data, is demonstrated. A hyperbolic model for estimation of the unsaturated soil parameter, b , versus matric suction is presented. Shear induced volume change behavior was also studied, and results are included in this paper. Although not correlated with soil index properties, these shear-induced volume change data are important to complete stress-deformation analyses, and represent a significant addition to the existing data base of unsaturated soil properties.
Introduction
Fredlund and Rahardjo ͑1993͒ postulated an unsaturated soil shear strength equation that takes the form of an extended MohrCoulomb failure criterion. The term ͑u a − u w ͒tan b was used to account for the increase in shear strength due to suction
where b = angle for the increase of shear strength with matric suction; cЈ and Ј = effective stress parameters obtained from saturated soil tests; ͑u a − u w ͒ = matric suction; and ͑ n − u a ͒ = net normal stress on the plane of shear.
It has been demonstrated that the increase of shear strength due to suction becomes nonlinear when the range of suction is extended to large values ͑Escario and Juca 1986; Fredlund et al. 1987; Miao et al. 2002͒. Thus, b is not a constant but varies as a function of soil suction.
Laboratory testing of unsaturated soils is rather time consuming and requires specialized testing equipment. Consequently, the evaluation of the b function for use in Eq. ͑1͒ has been challenging. The soil-water characteristic curve ͑SWCC͒ relates matric suction, ͑u a − u w ͒, to the water content, or some function of the water content such as degree of saturation. This relationship has played a key role in the understanding of unsaturated soil behavior. Fredlund et al. ͑1996͒ summarized the importance of the SWCC in estimating the shear strength of an unsaturated soil. There have been significant efforts to develop improved testing techniques for determination of the SWCC. The SWCC, together with results from saturated soil testing, can be used to predict the behavior of unsaturated soils for many applications.
The primary objectives of this research study were to obtain additional test data and predictive methodologies for the shear strength of unsaturated soil, and to provide data on a wide range of soil types to augment the existing unsaturated soil database for enhanced understanding of unsaturated soil behavior and improvement of constitutive modeling of unsaturated soils. The research program included the execution of a series of axistranslation triaxial test on unsaturated soils. The results were analyzed in terms of the stress state variables of matric suction, u a − u w , and net normal stress, n − u a , for the purpose of evaluating unsaturated soil property functions and behavior for the range of soil types tested. The relationship between matric suction and the shear strength properties of an unsaturated soil was studied using the test results from this study together with data from the literature. Shear-induced volume change behavior was also studied, as the volume change data are needed for assessment of unsaturated soil properties for stress-deformation analyses. Attempts were made to correlate the unsaturated soil properties with SWCCs, soil index properties, and saturated soil properties. Engineering practitioners have generally found the testing of unsaturated soil with suction measurements to be overly time consuming and technically difficult. Therefore, the correlation studies provide a potentially valuable tool to assist in the implementation of unsaturated soil mechanics into practice. In addition to soil shear strength data, available stress-strain-volume change data from the triaxial tests are presented which enhance the existing literature database for stress-deformation analyses and model development.
In this paper an overview is given of traditional and advancedlevel testing methodologies for assessing unsaturated soil behavior. It is expected that the cost and importance of a particular engineering project will strongly influence the level of testing sophistication that is applied in geotechnical practice.
Equipment, Soils, and Specimen Preparation
Unsaturated soil triaxial shear strength testing was carried out on four compacted soils; namely: ASU east ͑SM͒, Price Club soil ͑CL-ML͒, Yuma sand ͑SP͒, and Sheely clay ͑CL͒. Basic soil properties, including gradation, for these soils are shown in Tables 1 and 2 . A relatively large volume of each test soil was obtained from the field and thoroughly homogenized. Test specimens were prepared by compaction to enhance reproducibility in the test results. All specimens were initially compacted at optimum plus 1% water content and at 90% of maximum dry density as determined by Standard Proctor testing, except for Yuma sand which was compacted to 16.4 kN/ m 3 dry unit weight and 5% initial water content. Conventional triaxial tests were performed on saturated specimens to obtain the effective stress shear strength parameters for all test soils. These data are summarized in Table 3 .
Consolidated drained ͑CD͒ tests were conducted using an axistranslation method with suction control/measurement. The rate of specimen shearing was 0.004 mm/ min for the soils exhibiting a plasticity index ͑PI͒, and averaged about 0.02 mm/ min for the nonplastic soils. The strain rate was set at a rate that provided reasonably uniform suction distribution throughout the 225 mm high and 101 mm diameter triaxial test specimens as well as the 170 mm high and 71 mm diameter specimens. Specimen water content variation was measured at the end of each test to confirm reasonable equilibration of soil suction throughout the test specimen. The triaxial equipment used in the study included traditional triaxial test systems modified for axis-translation suctioncontrolled testing. These systems were equipped with 5 bar high air entry disks and were subjected to a maximum applied suction of 400 kPa. The pore-air pressure was controlled at the top of the specimen, and the pore-water pressure was controlled at the base of the specimen. Advanced unsaturated soil triaxial testing systems, having high-air entry disks up to 15 bars, were also used in the testing. The advanced unsaturated soils testing systems have computer-controlled capabilities for conducting unconsolidated undrained triaxial test ͑UU͒, consolidated undrained triaxial test ͑CU͒, CD, and constant water content ͑CW͒ tests as well as consolidation, determination of soil-water characteristic curve, permeability, and dynamic testing ͑Padilla et al. 2006͒ . A doublewalled triaxial chamber is used for improved overall volume change measurements. The system has a flushing device for removal of diffused air that may accumulate below the high-air entry ceramic disk during the test. The modified triaxial systems were used for shear testing without volume change measurements. The advanced unsaturated soil triaxial systems were used for both shear strength and volume change testing. One disadvantage of the traditional systems was the lack of a flushing system to remove air from below the high-air entry disk. The removal of diffused air assisted in obtaining an accurate water volume change measurement over long term tests. Diffused air can also be a problem at high suction values ͑greater than 400 kPa͒ as the volume of diffused air may be sufficient to retard flow of water into or out of the specimen. The traditional triaxial cells are also single walled, further decreasing the accuracy of the volume change measurements. Therefore, all reported volume change data are from the advanced testing systems with the doublewalled cells and diffused air flushing capabilities. Only shear strength data are reported from the single-walled triaxial cells.
One of the main disadvantages of testing unsaturated soils using the suction control method is the long time required to equilibrate a specimen under applied suction and net normal stress conditions. Equilibration times can vary from weeks to even months, and tests can become infeasible from a time and resources standpoint. Further, corrections for system compliance and diffused air are more challenging for long-term tests. For these reasons, a more efficient specimen preparation method was developed with respect to the time a specimen was in the triaxial testing chamber. Many of the test specimens were equilibrated to the desired value of suction prior to placement in the triaxial apparatus. The procedure for the pre-equilibration process involved first compacting the specimen to the predetermined compaction dry density and compaction water content. Then the water content corresponding to the target test suction value was estimated from the as-measured suction versus water content drying curve, and the specimen was allowed to dry or wet gradually outside of the triaxial cell until the target water content was achieved. For drying, the specimen was placed on a base pedestal of a triaxial cell and enclosed in a membrane. The membrane was then rolled back exposing at least half of the specimen for drying ͑for some part of the day͒, and the weight was monitored. Each evening the specimen was completely covered with the membrane to allow equilibration. This process was repeated until the desired water content, corresponding to the target suction value, was achieved. In the case of wetting, the process was similar but small amounts of water were gradually added to the specimen. Because it is not possible to precisely determine the soil suction from the as-measured drying curve due to hysteresis, the soil suction achieved using this procedure must subsequently be directly measured in the triaxial cell. In general, the SWCC estimates appeared to provide the desired water contents that corresponded fairly closely to the target suction. The technique of pre-equalization appeared to be feasible, and saved test chamber time.
Using this pre-equalization procedure, the test specimens were allowed to dry ͑or wet͒ to target suction values of 50, 150, 400, 600, and 700 kPa. The as-measured drying suction versus water content curves for the compacted test specimens are shown in Fig.  1 . The SWCC results shown are for a net normal stress of 20 kPa. SWCC testing was also conducted at other values of net normal stress, consistent with the net normal stress values used in the triaxial testing program. For these tests soils, the SWCC characteristics, including the air entry value ͑AEV͒, were not found to be sensitive to net normal stress within the range considered in this program ͑Perez-Garcia 2006͒. A typical water content distribution from a pre-equilibrated specimen, before triaxial consolidation and shear testing, is shown in Fig. 2 for the Arizona State University ͑ASU͒ east soil. Once the equilibration was judged complete, the test specimen was transferred to the test chamber for testing. The existing soil suction was simply measured at this point by first applying the best-estimate suction value and then adjusting the applied suction slightly as required to prevent water content ͑and volume͒ change of the test specimen. Subsequently, the suction was controlled to be constant and equal to the initially measured value. As a result of use of the pre-equilibration process, the suction values for the actual test specimens varied somewhat about the target values. For example, for the ASU East soil ͑SM͒, the average suction was 345 kPa for three test specimens, and the range in suction values was 320-360 kPa.
Presentation of Triaxial Test Shear Strength Data
The approach used to obtain the secant b parameter for a particular value of suction consisted of drawing the Mohr circles in the net normal stress ͑ − u a ͒ versus shear strength ͑͒ plane. It is desirable to have at least three different net normal stress values for each level of suction considered. The values of cЈ and Ј' are taken to be independent of suction, and the contribution of matric suction to shear strength is incorporated into the total cohesion intercept obtained from the Mohr circle plots. The value of b is backcalculated from the total cohesion intercept value. This is done by rearranging Eq. ͑1͒ and ascribing the difference c − cЈ to the increase in shear strength due to suction, as shown by Eq. ͑2͒, yielding the secant value of b .
where c = total cohesion intercept; and b = secant slope angle, as discussed below.
The nonlinearity of the shear strength envelope is illustrated in Fig. 3 where the upper curve, which passes through the data points shown, represents the shear strength due to suction, which is plotted versus matric suction. The data of Fig. 3 are replotted from results published by Thu et al. ͑2006͒ , and represent the best-fit curve for CW tests, as presented by Thu, et al. The line from the origin to point A corresponds to the reported Ј value ͑note that the vertical scale on Fig. 3 has been expanded͒. The shear strength due to suction curve deviates from the Ј envelope in the neighborhood of the air-entry value ͑reported by Thu et al. to be 47 kPa for the soil depicted in Fig. 3͒ , as discussed by Fredlund and Rahardjo ͑1993͒. For the data presented by Thu et al. the tangential b values start at 32°͑equal to Ј͒ and diminish to a very small value at point C, less than 7°. For almost all soils, this curve of shear strength due to suction versus suction ͑curve ABC͒ levels out at some value of suction, and for some cohesionless soils the curve may even drop down at some point corresponding to a negative value of tangential b . For the range in suction between points A and C in Fig. 3 , a more or less "average" tangential value of b of 7°at point B is depicted. Fredlund and Rahardjo ͑1993͒ point out that if an "average" value of tangential b is used in Eq. ͑1͒, a conservative result is obtained. This is because use of a tangential b , such as the 7°s hown in Fig. 3 , corresponds to use of the line from the origin to point CЈ as the failure envelope. At a suction of 300 kPa the lower envelope yields a shear strength due to suction of 36.5 kPa ͑the ordinate of point CЈ͒, whereas, the full shear strength due to suction is 88 kPa, corresponding to the distance from CЉ to C. However, is often desirable in design to use the best estimate of shear strength, and then to introduce a factor of safety at a different point in the analysis, where it is more easily quantified. The best estimate value of shear strength is obtained by using the secant value of b in Eq. ͑1͒. The use of secant b -values in Eq. ͑1͒ is equivalent to use of the curve ABC for estimating shear strength due to suction, as illustrated in Fig. 3 .
As an example, the shear strength due to suction is 82 kPa at a suction of 200 kPa, and 88 kPa at a suction of 300 kPa. The secant slope of the line from the origin to point B is 22.3°and the ordinate is 200 times the tangent of 22.3°, which is 82 kPa. For point C, the secant b is 16.3°and the ordinate is 300 times the tangent of 16.3°, which is 88 kPa. Note that for values of suction below the AEV ͑point A in Fig. 3͒ the secant b is equal to Ј. After the AEV is exceeded and dewatering starts to become significant, the secant b starts to decline. Because most published values of b are tangential values, the writers have repeatedly referred to the values in this paper as secant values of b to emphasize the difference. When b values of other researchers ͑authors͒ are reported in this paper, they are secant values as computed by the writers of this paper from the "raw" shear strength versus suction data of the other researchers.
Results of Triaxial Shear Strength Tests
Unsaturated soil testing was performed for the Yuma sand under consolidated drained conditions with suction control in one of the axis-translation traditional triaxial systems. Typical shear strength test results for unsaturated triaxial tests on Yuma sand are presented in Fig. 4 and 5, and summary data on Yuma sand is given in Table 4 . Table 4 shows the secant b values for Yuma sand from the best-fit failure envelope for tests conducted at three different levels of net normal stress.
The Yuma sand test results show that the total cohesion intercepts increase slightly with increasing matric suction up to a particular point, as expected. When matric suction was increased to 400 kPa, the cohesion intercept dropped to a value of essentially zero. Donald ͑1956͒ also demonstrated a similar increase in the shear strength of sand with increasing suction followed by a decrease in shear strength with continued increase in suction. Vanapalli ͑1994͒ stated that the contribution of matric suction to shear strength of clean sands is small after the sand desaturates because the very small amount of remaining water in the soil is insufficient to transmit the matric suction to the soil structure. For Yuma sand data, the slope of the modified Mohr-Coulomb failure envelope was found to be approximately equal to the effective stress Fig. 6-8 , and a summary of all shear strength data is given in Table 5 . The shear strength of the ASU east soil increases with increasing suction, and the increase in shear strength is nonlinear as shown by the decreasing b values with increasing matric suction.
Other test soils exhibited behavior similar to the ASU east soil, as shown in Tables 6 and 7, in that the shear strength increased with increasing matric suction, and the b parameter decreased with increasing suction. In general it was found that this decrease in b with suction followed a more or less hyperbolic shape. This observation was then used to develop an empirical model to describe the relationship between b and matric suction for different soil types.
Model for Prediction of b Values
Garven and Vanapalli ͑2006͒ report that at least 19 models have been proposed to predict or estimate the unsaturated shear strength as a function of soil suction and net normal stress. Available models for estimating unsaturated soil shear strength were reviewed as a part of this study. All of these models have been previously validated based upon a few unsaturated shear strength data sets. Usually the author͑s͒ who proposes a new model has carried out unsaturated soil testing for one or two soils. Then further data are retrieved from the research literature and a model is proposed. However, there are a number of factors that limit the value of the literature data sets for this application. There are factors such as specimen variability, unknown data quality, limited information on specimen preparation/history and properties, and limited range of suction values. These factors limit the ability to develop a robust predictive model. Each researcher carries out the testing using a particular set of test parameters such as: rate of shear, initial specimen conditions, type of test, and stress path. The lack of a standard testing and reporting protocol makes it more difficult to obtain consistent results and databases which can be used to obtain reliable correlations. Few research papers on unsaturated shear strength data were contributed to the proceedings of the 4th International Conference on Unsaturated Soils and even fewer papers reported volume change behavior during shear. This scarcity of information might be partly related to the lengthy time needed to perform these types of tests and/or the complexity of the equipment and testing methods required to achieve quality test data. Most existing models for the prediction of unsaturated shear strength apply to a small range of matric suctions or are limited to particular soil types. Some models require parameters that are difficult to determine. For example, models that use the soil-water characteristic curve may require the residual suction value. Residual suction is a property that is relatively easy to determine for sandy materials but is much more difficult to assess for plastic clays in which no well defined residual stage is discernible.
An attempt was made to develop a model to predict the b values that are consistent with the extended Mohr-Coulomb shear strength equation proposed by Fredlund and Rahardjo ͑1993͒. In addition to the test soils that were part of this study, literature data for which consistent trends were observed and for which information on basic soil properties such as gradation and soil-water characteristic curves were available were included for the model development. In all, 11 soils from the literature were found for inclusion in the model development. A wide range in soil types was included and the database had a reasonably wide range of soil suction. Volume change data were not available for most reported tests.
Hyperbolic Fit to
Based on the findings from the research study, the relationship between suction and b appears to follow the shape of a hyperbola as shown in Fig. 9 . This plot of Fig. 9 is for a soil classified as an SM and tested over a range of suction values. The plot shows that at the highest level of applied suctions, the incremental change in the b value, is very small. Another example of a hyperbolic fit to the b versus suction relationship is shown in Fig. 10 for CL-ML.
Another example of a hyperbolic shape is shown in Fig. 11 for Sheely soil, a clay of low plasticity that was tested over a range of suction of 120-725 kPa. The hyperbolic model curve shows how the b value starts to decrease at a value of suction approximately corresponding to the air entry value as determined from the drying SWCC. The curve for Yuma sand is shown in Fig. 12 .
At matric suction values below the air entry value, AEV, the b was found to be close to Ј. The equation for the prediction of b when suction is larger than the air entry value can be presented as a hyperbola ͓Eq. ͑3͔͒ 
where ⌿* = ͑u a − u w ͒-AEV; and the inverse of the parameter a = initial slope of the hyperbolic curve, when ⌿* =0.
The physical interpretation of b can be developed as follows. It was observed that the relationship between b and ⌿* given in Eq. ͑3͒ was a reasonably good fit to the data for the range of suction employed. If one assumes that the hyperbolic relationship persists to higher values of suction approaching infinity, it then follows that b , which is a secant slope, must approach zero as suction approaches infinity, because any ordinate divided by infinity is zero. Based on these assumptions and conditions, it is then possible to use Eq. ͑3͒ to evaluate b as a function of Ј by observing that b goes to zero as ⌿* goes to infinity. Thus, the physical interpretation of b is that b is equal to the inverse of Ј for the hyperbolic fit of Eq. ͑3͒. The reasonableness of this hyperbolic fit is supported by the data presented in Fig. 13 showing that b is, in fact, well represented by 1 / Ј. The current database does not have suction values above the residual suction range and so it is not advisable to speculate on use of the proposed Eq. ͑3͒ for soils dry of residual.
The fitting parameters for the hyperbola equation shown above ͑a and b͒ can be determined through use of a transformed linear plot, as described below. This technique is similar to that employed by Duncan and Chang ͑1970͒ for obtaining fitting parameters for the hyperbola describing deviators stress as a function of axial strain.
Rearranging Eq. ͑3͒,
Transformed Eq. ͑5͒ plots as a straight line, where a = intercept and b = slope of the resulting line as shown in Fig. 14. Eqs. ͑1͒ and ͑3͒ can be used to determine the unsaturated soil shear strength for any value of suction, provided the air entry value of the soil is known or can be estimated, and saturated soil effective stress parameters are available. It is also necessary to have values of a and b parameters for the soil of interest. It should be noted that the majority of the data used in developing this model were obtained on soils compacted near optimum water content. The extent to which stress history ͑wetting and drying history and net normal stress history͒ affects the shear strength relationship is not fully known since these factors have been studied by only a few researchers. However, the current database demonstrates the potential value of the hyperbolic fit to obtain b as a function of matric suction. The following section addresses the use of literature data to augment the test results obtained in this study.
Available Data on Shear Strength for Unsaturated Soils
A review of the literature on unsaturated soil shear strength was conducted, including a review of dissertations, conference articles, journal articles, and books. The findings were used to establish a database of published results. However, it was found that there was not sufficient data to develop a truly comprehensive database. Much of the information that is presented in the literature lacks details on soil properties that are needed to obtain the proposed correlations. For example, for some soils the information on shear strength was presented but no soil-water characteristic curve was shown and no saturated soil effective shear strength parameters were determined. Some other researchers presented a more complete dataset but did not provide index properties on the test soil. The data found in the literature are summarized in Tables 8 and 9 and used in this study to augment the laboratory data obtained directly by the writers.
Escario and Juca's ͑1989͒ and Satija's ͑1978͒ data have been used most often by other researchers to validate constitutive models. Escario and Juca obtained direct shear unsaturated shear strengths at the highest suction values that can be obtained using axis-translation ͑1,500 kPa for Madrid grey clay, 1,400 kPa for the Red clay soil, and 400 kPa for clayey sand͒. Escario and Juca ͑1989͒ tested soils under different confining ͑net normal stress͒ pressures. The maximum dry density as determined by Standard Proctor was used as the value to compact the specimens, and the compaction water content was just below the optimum for the three soils studied.
Using the air entry values determined by Vanapalli and Fredlund ͑2000͒ for the Escario and Juca soils, the shear strength data of Escario and Juca was used to determine the a and b parameters for a hyperbolic model fit to the b versus suction plot. The transformed plots for the Red clay and the Madrid clay are shown in Figs. 15 and 16.
Vanapalli ͑1994͒ also published unsaturated shear strength data for a glacial till. This soil was tested at three different initial water contents and three different levels of net normal stress. The transformed plot for Vanapalli's data from samples compacted dry of optimum with net normal stress equal to 25 kPa was used to determine parameters a and b, as shown in Fig. 17 . A similar plot for ASU east soil ͑SM͒ is shown in Fig. 18 . Table 8 shows the summary of index properties of the soils that were used in the correlations and Table 9 shows the values of a and b parameters obtained from the hyperbolic model as well as the Weighted Plasticity Index ͑wPI͒ parameter ͑fraction passing the No. 200 sieve, as a decimal, multiplied by the PI in percent͒ and the AEV obtained from the SWCC. Fig. 19 shows the correlation for the parameter a with % sand, D 30 ͑mm͒ and D 60 ͑mm͒. The correlation for a has an R 2 of 0.84. The only soils included in these best-fit correlations were those from this study and the Vanapalli ͑1994͒ data because the D 30 , % sand, and D 60 were not available for all 11 soils. Other correlations were attempted for other variables including wPI, as well as % passing No. 200 alone, but these correlations were not as good as the one obtained in Fig. 19 . Given that a reasonable correlation of a with D 30 , D 60 , and % sand was obtained in this study, and given that the SWCC can be estimated reasonably well through correlations with soil gradation ͑Fredlund et al. 1997͒, it is reasonable to assume that a correlation of parameter a with SWCC characteristics should be fruitful. However, an attempt was made to develop such a correlation based on the data available at this time and the correlations were very poor. Perhaps better correlations between parameter a and the SWCC characteristics can be developed at a later time with an enlarged database.
As previously shown in Fig. 13 , the correlation of the inverse of b with Ј is very good. This appears to be the best correlation available for determination of the b parameter in the hyperbolic model presented. The advantage of correlating b with Ј is that this correlation is consistent with a soil property having physical significance.
Shear-Induced Volume Change
Shear-induced volume change data were collected for all specimens tested in the advanced unsaturated soils triaxial systems. The volumetric strain data, together with the deviator stress versus axial strain data, is an important addition to the unsaturated soil shear strength data presented in the preceding section. This importance may be placed in context as follows. For limit equilibrium analyses such as slope stability, bearing capacity, and retaining wall stability, the knowledge of shear strength parameters may well be more or less adequate for most applications. When the users choose not to perform their own shear tests on unsaturated soils, the correlations presented previously may be of use. However, knowledge of the volume change and stress-strain behavior is required in addition when movements, such as settle- ments, are to be predicted. For example, a finite-element code would commonly contain one or more constitutive models for relating elements of the stress tensor to elements of the strain tensor, and the user of the code needs to have data on which to base the choice of parameters to be input to the constitutive model. The shear-induced volume change and deviator stressaxial strain data to be presented next is potentially useful for this application, particularly in view of the current scarcity of such data on unsaturated soils in the literature. Further, it is widely agreed that few, if any, available constitutive models for unsaturated soils handle dilational behavior well. Thus improvement of these models towards the capture of dilational behavior is a likely future endeavor. The volume change data to be presented could contribute to these studies. In this study, the volumetric strains were monitored during the shearing process for specimens consolidated to various levels of net normal stress and matric suction. Selected examples of the stress-strain and volume change curves are presented. The full stress-strain-volume change data sets for tests conducted in the advanced triaxial system are summarized in Tables 10-12. Volume change measurements on ASU east soil ͑SM͒ are presented graphically in Figs. 20-22, for net normal stress values of 20, 75, and 250 kPa, respectively. The general volume change response of the soil is first compression, followed by dilation as axial strains are increased during shear. It was observed that, for a given net normal stress, the degree of dilation increases with increasing suction. This is likely due to the higher suction resulting in more tightly bound aggregates of soil particles which behave more or less as "sand-like" particles. The aggregates do not shear easily but rather tend to ride up over each other ͑dilate͒ as shear stresses are increased. The tendency to dilate is most pronounced at lower net normal stress values and higher suction, but at higher net normal stress and lower values of suction, the volume change behavior during shear is dominated by compression except for the Table 7 for which detailed gradation data were available
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highest values of suction. This behavior is consistent with data obtained by Satija ͑1978͒, which shows that for a given value of soil suction, dilation is observed at low values of net normal stress, while volume change behavior is compressive at higher values of net normal stress. It is important that the influence of soil suction on shear-induced dilatency behavior be better understood for unsaturated soils for future improvement of constitutive models. The data presented in Tables 10-12 can be used to evalu- Table 10 . ate existing models, as well as to obtain properties for existing models, towards the goal of assessment of capabilities for prediction of shear-induced volume change for unsaturated soils in particular, and stress-induced deformations in general.
The volume change behavior for each soil can be related to the shape of the axial strain versus deviator stress plots. As an example the ASU east ͑SM͒ soil data are plotted for net normal stress of 250 kPa and matric suction of 25 kPa ͑Fig. 23͒. To facilitate comparison the volume curve has been inverted relative to the usual way of plotting. The shape of the volume change curve closely follows the shape of the axial deformation versus deviator stress curve up to the maximum deviator stress, and then the soil tends to dilate, and the curves start to diverge as critical state is approached. Note, however, that the results in Fig. 23 correspond to a particular set of values of net normal stress and soil suction. Plots similar to Fig. 23 can be developed for other tests from this study using the summary data of Tables 10-12. The volume change data for the CL-ML for 20 kPa net normal stress are shown in Fig. 24 . At low suction the specimens exhibited only compressive behavior, and no dilation. However, as the suction is increased, again the volume change response of the specimens is compression followed by dilation. At higher net normal stress ͑250 kPa, Fig. 25͒ the Price Club soil exhibits compressive behavior at all test levels of suction, although the highest suction value test for which volume change data were available was 180 kPa. As shown in Figs. 26 and 27, the Sheely clay ͑CL͒ exhibits primarily compressive behavior at net normal stress values of 20 and 75 kPa at all values of suction investigated in this study. However, there is some dilation tendency at the higher values of suction.
A comparison of the CL and CL-ML soil for a net normal stress of 20 kPa and a value of suction of 290 kPa is shown in Fig. 28 . It is apparent that the higher the PI of the soil ͑the more fine grained͒, the higher the level of suction required for the specimen to exhibit dilatency at a given level of net normal stress. Therefore, it is likely that the shear-induced volume change behavior is related to the SWCC characteristics of the soil. Development of correlations of shear-induced volume change properties with SWCC, soil index properties, and saturated soil properties is extremely challenging and requires a database much larger than that currently available. Thus, such correlations have not been attempted as a part of this work. However, based on the results presented, it seems likely that simplified methods for estimating shear-induced volume change properties through such correlations is at least possible as more complete unsaturated soil testing data on more soils becomes available.
Summary Comments and Recommendations
Techniques for dealing with unsaturated soils in geotechnical practice have historically included the use of a total stress approach together with simplified assumptions regarding the degree of wetting that will occur in the prototype. Modern unsaturated soil mechanics theory is founded on the stress state variables of matric suction and net normal stress for modeling and understanding unsaturated soil behavior. However, the implementation of unsaturated soils theory at the highest level involves direct unsaturated soil testing with soil suction determination, which is relatively complex and time consuming compared to total stress approaches of characterizing unsaturated soils. Intermediate approaches for implementation of unsaturated soils theory into practice have been suggested wherein the SWCC is used along with saturated soil parameters to estimate unsaturated soil properties and behavior at any level of soil suction and net normal stress When a soil is saturated the increase in shear strength with increasing effective stress gives rise to a failure envelope characterized by the familiar cЈ and Ј. For saturated conditions the soil suction is zero and this research study has shown that, for all other parameters constant, the shear strength increases from a minimum at ͑u a − u w ͒ equal to zero to higher values at higher suction, within a wide range of suction values of interest. The only exception to this general rule is for clean sands which exhibit decreased shear strength at high values of suction ͑low degree of saturation͒. These findings are consistent with previous research.
The results of this study also show that the increase in shear strength with increasing suction is nonlinear when the range in suction is large. This means that the family of failure envelopes portrays a three-dimensional ͑3D͒ failure surface when shear strength is plotted versus net normal stress and soil suction simultaneously. When a vertical plane passes through this 3D surface corresponding to constant net normal stress, the intersection of the plane with the failure surface produces a curved failure envelope that is concave downward. This downward concavity corresponds to the decreasing value of b with increasing suction when b is evaluated as a secant slope. A fairly significant finding of this research is that the curved envelope can be fitted quite well by a hyperbola in almost all cases attempted.
If the 3D failure surface is intersected by vertical planes corresponding to constant suction, the resulting intersection is a reasonably straight-line failure envelope-for the range in net normal stress studies herein. Figs. 4-8 presented earlier show examples of these vertical planes. Furthermore, the slopes of these failure envelopes were found to be essentially equal to Ј, which is also consistent with findings of previous researchers. This finding is important because it helps to validate the use of Eq. ͑1͒.
Attempts herein to correlate the parameters of the hyperbolic relationship between b and suction were successful. The parameter a was related to gradation parameters D 30 , D 60 , and % sand. The b parameter was related to Ј. The writers recommend that interested researchers add to the database presented when possible and seek to improve the correlations. Of course the most reliable value for b can generally be obtained from direct testing over a range in suction values. However, for cases such as preliminary design or very low risk design, it may be desirable to estimate b if Eq. ͑1͒ is to be used. In these cases, the correlations presented herein are expected to be superior to estimates based simply on experience.
The unsaturated soil shear strength correlations discussed in this paper can be used for limit equilibrium studies such as those commonly performed for slope stability, bearing capacity, and retaining wall stability. However, knowledge of volume change and stress-strain behavior is required for analyses of deformation ͑settlement, movements͒ during shear loading. Knowledge of stress-strain and volume change behavior is also needed for validation and parameter determination of stress-deformation constitutive models for unsaturated soils.
In this study, it was observed that the volume change behavior was dependent on both net normal stress and soil suction. In general, the higher the value of suction, and the lower the net normal stress, the greater the tendency of the soil to dilate as shear stresses are increased. This was attributed to the higher suction resulting in tightly bound aggregations of particles that do not shear easily, but rather tend to ride up over each other ͑dilate͒ as shear stresses are increased. The dilative behavior was more pronounced in soils with lower PI, with the higher PI soils exhibiting volume change behavior dominated by compression except at the highest values of suction considered in this test series.
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Notation
The following symbols are used in this paper: a ϭ coefficient for hyperbolic model; b ϭ parameter for hyperbolic model related to Ј; cЈ ϭ effective cohesion intercept; c ϭ total cohesion, when suction exceeds zero; D 30 ϭ grain diameter corresponding to 30% passing by weight or mass; D 60 ϭ grain diameter corresponding to 60% passing by weight or mass; G s ϭ specific gravity; P 200 ϭ percent of material passing 200 sieve; ͑u a -u w ͒ ϭ matric suction; w opt ϭ water content at optimum conditions; ␥ dmax ϭ maximum dry density ͑kN/ m 3 ͒; ͑ n − u a ͒ ϭ net normal stress; f ϭ shear stress at failure; Ј ϭ effective angle of internal friction; b ϭ angle of friction that provides increase in strength due to suction; and * ϭ ͑u a − u w ͒-AEV.
